Introduction
The importance of accurate phylogenetic trees when studying evolution or using evolutionary information for other biological studies is obvious. However, despite significant advances and refinements in the techniques for generating phylogenetic trees, establishing correct phylogenies can still be extremely difficult (e.g., see Holmquist et al. 1988; Novacek 1992; Graur 1993; Stewart 1993; Hillis et al. 1994) . One frequently encountered problem is that ancestrally unrelated taxa may share the same or similar characters because of convergence, parallelisms, or reversion to an ancestral state. Such characters, called homoplasies, can prevent construction of a unique phylogenetic tree. In other cases, the number of taxa overwhelm the available data. Additionally, tree-building algorithms are sensitive to species sampling within the taxa of interest and depend on certain assumptions about evolutionary mechanisms or events that may not be warranted.
We suggest that using mammalian Ll elements for phylogenetic analysis could obviate some of these pitfalls. L 1 elements are self-replicating retrotransposons that lack long-terminal repeats (see fig. 1 ). They have been present in mammalian genomes since before the divergence of Metatheria (marsupials) and Eutheria (placental mammals) more than 100 mya (Burton et al. 1986; Fan-0 1995 by The University of Chicago. All rights reserved.
0737-4038/95/ 120 I -0007$02.00 ning and Singer 1987; Hardison and Miller 1993) and now account for at least 10% of modern mammalian genomes. Ll replication has generated mostly defective Ll copies (Fanning 1983; Voliva et al. 1983; Scott et al. 1987) , most of which were retained in the genome and diverged from each other at the neutral mutation rate (Pascale et al. 1990 (Pascale et al. , 1993 with little or no homogenization by postreplicative events such as gene conversion (Casavant et al. 1988; Pascale et al. 1990 Pascale et al. , 1993 Vanlerberghe et al. 1993) . Also, novel replication-competent variants were produced continually that in turn generated defective and replication-competent elements (Martin et al. 1985; Hardies et al. 1986; Pascale et al. 1993) . Since variant replication-competent L 1 elements can rapidly succeed each other (Padgett et al. 1988) and also coexist (Dombroski et al. 1993; Pascale et al. 1993; Furano et al. 1994 ; A. V. Furano and K. Usdin), a given Ll "family" can consist of several closely related Ll subfamilies (Padgett et al. 1988; present work; A. V. Furano and K. Usdin) . Since none of the comparative studies on Ll families, in even closely related taxa, have provided evidence for horizontal transfer of Ll elements (Burton et al. 1986; Scott et al. 1987; Furano et al. 1988; Padgett et al. 1988; Rikke et al. 1991) , Ll DNA would appear to provide an unambiguous record of the evolutionary history of mammals.
The uniqueness and usefulness of Ll DNA as a phylogenetic character derive in part from the above biological properties of Ll elements. We can elaborate on this as follows: First, since the relics of a given Ll amplification event share multiple diagnostic nucleotides, the presence of the same Ll family in different taxa must be a shared Some DNA samples were also from the DNA col (Scott et al. 1987; Furano et al. 1988; Padgett et al. 1988) . derived character and not the result of parallel or convergent evolution or reversion to an ancestral state. Second, since Ll relics are retained in the genome in high copy number, the absence of an Ll family in a particular taxon reflects an ancestral condition rather than a derived state. Third, a shared Ll amplification event is easy to determine experimentally and can be dated from the extent to which the amplified copies have diverged from each other. Fourth, phylogenetic analysis using Ll relics does not depend on precise and sometimes problematic sequence alignments, is not sensitive to the number of taxa considered, and does
General Techniques
The preparation of DNA from frozen or ethanol. preserved tissues, restriction enzyme digests, the poly merase chain reaction (PCR), agarose gel electrophoresis radiolabeling of DNA by the random priming technique or of oligonucleotides using T4 polynucleotide kinase the preparation of blots from agarose gels or of DNA dot blots, and the hybridization thereof were carried ou using standard techniques (Ausubel et al. 1989) or have been described in detail earlier (Pascale et al. 1990; Fur an0 et al. 1994) . not depend on any tree-building algorithm or any assumptions about evolutionary mechanisms. Therefore, it Single-Copy Nuclear DNA Hybridization can help resolve problems that are refractory to other methods. Finally, although the substructure of Ll families
The methods for preparing single-copy DNA, radic becomes increasingly blurred with the passage of time, the labeling it with 1251, hybridizing, determining melting complex subfamily structure of modern Ll families can temperatures (Tm), and analyzing the data have beer be exploited to distinguish very recent or ongoing speciation described in detail elsewhere (Catzeflis et al. 1987; Catz. events.
eflis 1990). Radioactive DNAs were prepared from Rat
Here we used ancient and modern Ll amplification tus rattus satarae, R. rattus, R. tiomanicus, Bandicotn events, respectively, to address taxonomic problems asbengalensis, Berylmys bowersi, Leopoldamys sabanus sociated with early and recent speciation events of murid and Mus famulus. Nonradioactive DNA from each ol rodents. the taxa shown in figure 3 (below) was hybridized in vasl excess to one or more of the radioactive DNAs, and the
Material and Methods Animal Specimens and Tissue or DNA Samples
Tm of the hybrids and reannealed duplexes were determined. The delta-Tm (difference between the Tm 01 heterologous hybrids and of the relevant reannealed hoTissue samples from all but two animal specimens, mologous DNA duplexes) was converted into percentage noted in the list below, were from the Mammalian Tissue mismatch using a value of 1.18% mismatch/ 1 "C of deltaCollection at the Institut des Sciences de 1'Evolution at the Tm (Springer et al. 1992 ). These data were converted into percentage nucleotide substitution by correcting for superimposed mutations (Jukes and Cantor 1969) .
Determination and Phylogenetic Analysis of Mitochondrial DNA Sequences
The entire D-loop region of the mitochondrial DNA was amplified by the PCR from 1 pg of total DNA using a primer from the Rattus norvegicus tRNA-Pro gene (ProRn 1: S-ATAGGATCCACCCAAAGCTGATA-TTCTA-3'; one mismatch to the Mus domesticus tRNA-Pro gene) and a primer from the tRNA-Phe gene (PheRn 1: S-ATAGGATCCTAAGCATTTTCAGT-GCTTTGC-3'; exact match to the A4. domesticus tRNA-Phe gene). The PCR product was purified by agarose gel electrophoresis, and about 300 bp of DNA sequence were determined using a PCR-based DNA sequencing kit (Gibco/BRL) according to the supplier's instructions. Either the ProRn 1 or MitoRr2 (S-ATGGGCCCGGAGCGAGA-3' for determining the sequence of the opposite strand) oligonucleotides were used as primers. All of the DNA sequences used here have been submitted to GenBank, and their accession numbers are as follows: Rattus exulans, specimens 676, 700, 70 1-U 13739, U 13740, U 1374 1, respectively; R. rattus moluccarius, specimens 6 10,6 12,6 14-U 13742, Ul3752, U13753, respectively; R. rattus satarae, specimens 810, 811, 825-U13743, U13744, U13755, respectively; R. fuscipes, specimen 1026-U 13745; R. norvegicus, specimens 1177, 342, 947, NY-U 13746, U13747, U13748, U13749; R. rattus specimens, 812, 8 13, NY-U 13750, U 1375 1, U 13754, respectively. particular taxon). Lx was found in 24 of the 27 species traditionally classified as murines and was absent in all of the nonmurine species tested, including several sister groups to the Murinae ( fig. 2A ) (Pascale et al. 1990; Furano et al. 1994) . However, the Lx amplification was absent from three species that had been traditionally classified as murines: Acomys cahirinus, Uranomys ruddi, and Lophuromys jlavopunctatus (Carleton and Musser 1984; Musser and Carleton 1993) . Since then, reexamination of the morphological data (Chevret et al. 1993b) , together with recent single-copy DNA hybridization data (Chevret et al. 1993b ) and 12s mitochondrial rRNA sequence analysis (Hanni et al., in press), support the exclusion of these species from the Murinae. As used here, the Murinae include only those murine rodents defined by the unique pattern of their first upper molar as described by Jacobs et al. ( 1989 Jacobs et al. ( , 1990 ).
The DNA sequences were aligned using the PILEUP program (Devereux et al. 1984) and then refined by hand. Phylogenetic analysis was carried out with either parsimony using PAUP (Swofford 1993) or a distancematrix method using the neighbor-joining method (Saitou and Nei 1987) as implemented in PHYLIP 3.5 (Felsenstein 1993) . The parsimony analysis was based on a total of 36 informative sites that included both transversions and transitions but not sites that exhibited intraspecies variation that are presumably unrelated to speciation. (See the legend to fig. 5 below for further details.)
Here we used the Lx amplification to address another problem in murid systematics, namely the relationship of African vlei rats to true murines. African vlei rats are vole-like animals that have been traditionally classified as the Otomyinae, a monophyletic Muridae subfamily equal in rank to the Murinae (Missone 197 1; Lavocat 1978; Carleton and Musser 1984; Musser and Carleton 1993) . However, recent single-copy DNA hybridization data suggested that the Otomyinae (as represented in our survey by two species of the genus Otomys) might comprise an African murine clade (Chevret et al. 1993a ). In addition, a fossil transitional form between the Murinae and Otomyinae has been identified (Pocock 1976 ). This fossil, of the now extinct Euryotomys, has been dated from 6.0-4.5 mya, well after the murine radiation and the Lx amplification, both of which occurred about 12 mya. Therefore, if the Otomyinae is indeed a clade in the true Murinae, then Otomyinae species should contain Lx DNA.
Results and Discussion An Ancient Murid Ll Amplification Event
We tested two different Otomyinae species for the presence of the Lx amplification. DNA from three specimens, representing Otomys angoniensis and 0. irroratus, was tested for the presence of the Lx family as previously described (see legend to fig. 2B ) (Furano et al. 1994) . As can be seen from figure 2B, each species was positive for the presence of Lx and in fact contained about as many copies of Lx as is typical for other African murine species such as Aethomys namaquensis and HyZomyscus stella (Furano et al. 1994) . Therefore, based on the shared amplification of the Lx family, the singlecopy DNA hybridization data, and the dating of the fossil Eurotomys, we propose the reclassification of the Otomyinae taxa as true murines ( fig. 2A ).
We had previously identified an Ll amplification that occurred in murid rodents about 12 mya that was associated with the murine radiation (Pascale et al. 1990 (Pascale et al. , 1993 Furano et al. 1994) . We showed that the amplification of this ancient Ll element, called "Lx" for convenience, was a molecular synapomorphy for the true Murinae (a synapomorphy is a shared derived character that can define a -, y ,
A Modern Ll Amplification Event
The genus Rattus falls within the Murinae subfamilv ( fig. 2) and consists of about 50 species that are con- found between the Rattus sensu strictu taxa, we represented these taxa as a single polytomy.
Using a value of 1.8%2.2% nucleotide substitution per 1 O6 yr, which was derived from single-copy DNA reassociation data and calibrated from the murid fossil record (Catzeflis et al. 1987 (Catzeflis et al. , 1993 , we calculated that the Rattus sensu strictu/Beryfmys split occurred 3.4 + 0.2 mya; i.e., ([6. 86% f 21 t 2%/106 yr). We similarly estimated that the various taxa in Rattus sensu sttictu began diverging from each other 2.2 + 0.3 mya. The raw data and other experimental details pertaining to the tree shown in fig. 3 L 1 4 subfamily, being the most divergent, began to amplify 3.5 f 1.5 mya, while the L 13 and L 1 mlvi2 subfamilies began amplification about 450,000 + 100,000 yr ago. Therefore, we would expect that the L14 amplification would be more widely distributed in Rattus than the more recently amplified subfamilies. When oligonucleotides specific for L14, Ll 3, or Ll mlvi2 were used as hybridization probes, we found that L14 was amplified to about the same extent in all of the examined Rattus sensu strictu species but was absent from the Rattus sensu lato taxa (fig. 4) . By contrast, Ll mrvi2 (or Ll 3, data not shown) was amplified only in R. norvegicus and in a specimen identified as R. rattus that was trapped on the Indonesian island of Seram, Moluccas, and referred to as R. rattus moluccarius (fig.  4) . The timing of the L l4 amplification, as estimated from sequence divergence of members of the L14 subfamily, and that of the Rattus sensu strictu/Berylmys split, as estimated from single-copy DNA hybridization, suggests that the L14 subfamily began amplifying just before or coincident with the radiation of the Rattus sensu strictu. Therefore, on the basis of the taxa examined, it would seem that the L14 subfamily is a synapomorphy for Rattus sensu strictu just as the Lx amplification is a synapomorphy for Murinae. On the other hand, the more restricted distribution of the Llmlvi2 subfamily in the Rattus sensu strictu is consistent with its more recent amplification, one that marks the relatively recent speciation event that generated a branch that includes both R. norvegicus and, somewhat surprisingly, R. rattus moluccarius.
The presence of the Ll mivi2 amplification in R. rattus moluccarius was unexpected given the absence of this amplification in the other R. rattus specimens examined. Two other separately trapped specimens of R. rattus moluccarius also contained the Llmivi2 amplifi- 1986. An analysis of replacement and synonymous changes in the rodent Ll repeat family. Mol. Biol. Evol. 3: 109-125. HARDISON, 
